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Proposal of Coded Modulation Schemes Using Product
Codes over Hexagonal Constellations and Its Application to
Wireless Body Area Network
Hirohisa Kitahara
Abstract
Recently, miniaturization of information communication equipment has progressed,
and application to various fields is being attempted. One of those applications is
Wireless Body Area Network (WBAN), which is a communication near the human
body as an applied technology to medical and healthcare.
Small devices used in the vicinity of the human body need to use a small power
supply, and the system needs to save power. In the transmitter, the power efficiency
is the issue at the power amplifier. In general, in order to use a power amplifier
efficiently, it is necessary to use a power amplifier in the vicinity of a saturated
output level with high power efficiency while suppressing fluctuations in the input
signal. However, if the signal level fluctuates, it is necessary to suppress the input /
output level accordingly, and the efficiency decreases. This indicator of signal level
fluctuation is called the peak-to-average power ratio (PAPR).
In this paper, we propose a coded modulation scheme using product codes using
integer codes on a hexagonal lattice as a communication method that suppresses
power fluctuations. The integer codes are suitable to correct nearest neighbor er-
rors, and has a feature suitable for realistic communication that the probability of
error occurrence in the vicinity is higher than that in the distance. In this study,
product codes combined with other codes was performed to improve error correction
capability.
As a result of the simulations, it was confirmed that a higher coding gain than
QAM can be obtained and that power fluctuation can be suppressed. We also ex-
amined the application of the proposed scheme to WBAN. It was confirmed that
the proposed scheme can obtain higher coding gain than the standard scheme of
WBAN. In addition, we measured human body movements using Kinect2, and cre-
ated a time-series analysis model, and calculated fluctuations in time-series propa-
gation characteristics. Then, the time-series fluctuation of Bit Error Rate (BER)
was calculated, and the difference in the characteristics of each part and the fluc-
tuation suppression method were discussed. From this study, it was confirmed that
the proposed scheme can achieve both power efficiency and error rate.
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??? ZigBee BLE SmartBAN IEEE 802.15.6
??? [MHz] 868 ∼ 915
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?? [dBm] −32 ∼ 0 −20 ∼ 10 - −40 ∼ 10
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??????? IEEE802.15.6???400 MHz??800 MHz??900MHz??
? 2400 MHz??????? MHz?? 40 MHz??????????? [1]?
?????????2????????? (Frequency Shift Keying, FSK)?
??2??4??? 8?????????? (Differential Binary/Quadrature/8
Phase Shift Keying, DBPSK/DQPSK/D8PSK)???????? [1]?????
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? [19]???????????? 400 MHz??????????????
































?? LAN????????? 1.5 - 2 W???????????????
?????? 500 mW??????1/4?? 1/3????????????
????? [24]?
?????????????? 1.3????????????????






























































????????????????????? (Phase Shift Keying, PSK)
????2?? 1????? 1???????? Binary PSK(BPSK)???
????????????? 2??????1????? 2??????





















































????????????? r??????????N ??? (1.4)??
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?????? (APSK)??????????PSK?????? 2.1?? 2.2
???????????????????????????????




















? 2.1: (8 + 8)APSK????????????????????






APSK???????????????? (Lod Density Parity Check, LDPC)















































?? LDPC??????????????????? (Low Density Lattice
Codes, LDLC)????? [51, 52]??????????????????
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????????????????????????????? [53]?



































C = {c ∈ Fnp : cHT = 0} (3.1)
????HT ????H????????????????????H?
??C???????????????? [56]?




s = rHT = (c+ e)HT = eHT (3.2)
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? 3.1: ???????
???????????????? s = e′HT ????????? e′?
????????????????????????????????
? e′???? r??????????????? cˆ??????????
???????




















? 3.3: 2????????? Lee????



















????? (Negacyclic Code, NC)???????????????? Lee
??? Lee????????????? p?????????Z????
n? p????? a = (a0, a1, · · · , an−1)? b = (b0, b1, · · · , bn−1)???????




|min(ai, q − ai)| (3.4)
???? b? Lee????????????????????? a? b
? Lee??DL(a, b)????????? [57]?
DL(a, b) = WL(a− b) (3.5)
????????11?????????? n = 3??????? a? (0
3 9)????? b? (10 7 4)???????????? a?? 1?????
Lee???????? 0????? 2????? Lee????3? 11− 3 = 8
23
????? 3????? 3????? Lee????9? 11− 9 = 2????
? 2?????????????? a? Lee??? 5??????????
?? b???? 1 + 4 + 4 = 9???????????
??????? a????? b? Lee???????????????
??????????????????
(a− b) = (1 7 5) (3.6)
?????????????? Lee???????
min(1, 11− 1) = 1
min(7, 11− 7) = 4
min(5, 11− 5) = 5
(3.7)
?????????? Lee???????????
DL(a, b) = 1 + 4 + 5 = 10 (3.8)
3.2.2 ?????
??? Lee?? t??????????????t? Lee???????
?????????????Berlekamp???????????????
?? [38]?




C(x) = c0 + c1x+ c2x
2 + · · ·+ cn−1xn−1 (3.9)
??????C(x)?????−cn−1+ c0x+ c1x2+ · · ·+ cn−2xn−2?????
???????????????????????C(x)????? (3.10)
?????????????
−cn−1 + c0x+ c1x2 + · · ·+ cn−2xn−2
= C(x)x− cn−1(xn + 1) (3.10)
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? 3.5: 19???????????????????
???????αn? 2???(αn)2 = αqm−1 = 1?????????αn??























????????????????X2 +X + 7?????GF (112)???
???????X2+X +7???α?????α0 = 1?α1 = α?α2 = −α+4?
· · ·?α119 = 3α + 3?α120 = 1?????? p = 11???????? n??
n = (pm − 1)/2?? 5?15?60?665?????? [38]??????????
??? n = 60????
??????????????? 4??? 2???? Lee?? (Lee??
? 2?????)???????Cn11d????????? 6??? 3???
? Lee?????????Cn11t????????????????Cn11d











1 α1 α2 . . . α59




 1 α1 α2 . . . α591 α3 α6 . . . α57




???37??????????????????X2 +X + 3????
?GF (172)??????????????X2 +X + 3??? β?????
β0 = 1?β1 = β?β2 = −β − 3?· · ·?β287 = −6β − 6?β288 = 1????p = 17?
???????????Berlekamp? n = 8, 24, 72, 144?????? [38]??
???????? 19???????????????????????





1 α1 α2 . . . α71
1 α3 α6 . . . α213
1 α5 α10 . . . α67






?????????????? [58,59]????p? pm = q = 4n+ 1, (m ≥ 1)
?????????????bi, (1 ≤ i ≤ l)? l?????? Rl????
?????????ϕ? Zl??GF (q)????????????????
bi????? βi ∈ GF (q)????????????ϕ?????????
ϕ(x) =
∑l




a ∈ GF (q)?????a? l?? Lee?? ‖a‖??????????
‖a‖ = min






????|xi|??xi(∈ Z)???????????a, b ∈ GF (q)???? Lee
????????????
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dL(a, b) = ‖a− b‖ (3.15)








??????????????? H∞ ???????? n1 = (1, 0)?
n2 = (−1/2,
√




{in1 + jn3|i, j ∈ Z} (3.17)
? ? ? ? ?? ? ? ? ? ? ? ? ? ? x ? ?x = x1b1 + x2b2, (b1, b2 ∈








{(0, 0)} k = 0
{±n1,±n2,±n3
⋃H0 k = 1⋃
x∈Hk−1(x+H1) k ≥ 2
(3.18)
????x+H1 = {x+ z|z ∈ H1}???????Hk, (k ≥ 0)? k????
???????? [60]?
??p? p = 6n+ 1, (n > 1)??????????????α?GF (p)??
???????p = 3k(k+1)+ 1?? k ≥ 0??????Hk???????
?????? Lee????????? φ : Hk → GF (p)?????????
?? [60]?
φ(n1) = 1, φ(n3) = α
2n (3.19)
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???????????GF (p)??? a???? k?? 2??????





???? (Integer Code, IC)??????? 2??????N??????
?? ZN ??????????m×n(m ≤ n)???H?d ∈ ZmN ??? [33]?
??? n?????C(H,d) ⊂ ZnN ?????????
C(H,d) = {c ∈ ZnN | cHT = d mod N} (3.21)
???????????H?????m?d = 0????
????????? r?????????????????? s = rHT
????????????????????????????????
??????????????????????????????8PSK





??????????n = 3?????R = 2/3?????Ci19s?? (3.23)?














??? c1, c2???????? c3????? (3.22)???1 · c1+2 · c2+4 · c3 = 0
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? 3.7: 19????????????????
???c3 = 14 · c1 + 9 · c2??????????????????????
???????
??????????????????????????? 3.7???














???? 1?2?????? 3?????????????? 2????
??????? 2????????? 5????
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? 3.8: ????????????? (0 0 0 )? (0 1 9)???




















1 2 4 8





??????????????????????????? (1 1 20 22)
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? 3.11: 37????????????????





 1 2 4 8 16 32 3 6 12 241 6 36 33 15 29 52 7 42 8
1 18 19 37 56 32 27 59 25 23
 (3.25)
61?????????? (3.25)??????Z61???? (±1,±13,±14)




?????????? (3.26)?????? Z9???? (±1)??????
???? n = 4?????Ci9d???? [33]?
Hi9d =
(
0 1 2 3































????????Z17????? n = 16???????????????
????????? 3.10????????64QAM??????GF (26)?




























































??? g?????g = N − 2m????
??:
U = {u0, u1, . . . , ug−1}; // ?????????????????
M ; // ????????????
N ; // ?????
??:
φ : {0, 1, . . . , N − 1}\U → {0, 1}m; // ??????????????????
?????: NULL
????:
i(0 ≤ i ≤ N − 1); // ?????????????
V = {0, 1}m; // ?????????????
Li = {li,0, li,1, . . . , li,h−1}; // ?????? i??????????????
(h ∈ {3, 4, 6})
f ; // ???????? i??????????????????: −1
1. i = 0????
2. i ∈ U ????i? U ????????? i = i + 1?i > N − 1???
Step.7??
3. V???????????????? v????(f == v)????f




??????????1???M ????? f = v??? Step.3??
5. Step.4?Li?????????????????????????
????M ???? φ(i) = v???f = −1?V = V\{v}?
6. i????????? i = i+ 1?? Step.2??????? i? U ???
?????? i = i− 1???f = φ(i)?φ(i) = NULL?? V = V ∪ {f}?

















? 4.2??? 19?????????U = {5, 16, 17}?????????
Step.2?????i = 5????5 ∈ U???????U?????????
??i = i+1??? i = 6???????Step.4?????i = 1??????






































? 4.6: 19?????????????GF (112)???????????
?????????????????
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??????? 000 011 101 111 · · ·
????????? 0 2 4 6 · · ·










?????????????????????? [33]?(±l1,±l2, . . . ,±ls)
?????????? n?????????????????????
??????????????????? r = (r1, r2, . . . , rn)??????
????????????? y = (y1, y2, . . . , yn)????????yi? ri − ϵ
???∆2[i, ε]?????????ϵ ∈ L = {−ls,−ls+1, . . . ,−l10, l1, . . . , ls}??
???????? r????????? s = rHT ?????????E[s]
? s = eHT ?????????? e = (e1, e2, . . . , en) ∈ Ln????????
????????????????????E[s]??∑ni=1 = ∆2[i, e∗i ]??
??????????? e∗ = (e∗1, e∗2, . . . , e∗n)?????????????


























????????????PAPR? 1.79 (2.53 dB)????
????? 16QAM????PAPR??????M2-QAM????PAPR








???PAPR? 0.56 dB?????????????? 2????????
?????37???????PAPR??? 16QAM???????????
??????????????QAM???????????????

























?????BER????????Microsoft Visual Studio?Professional 2013

















?????? 1??????A??????????????(0 1 9)??








































































n = 3?????R = 2/3?????Ci19s??? (±1,±7,±8)??????
???? n = 3?????R = 1/3?????Ci19d??????? 16QAM

















?? 2??????????? 1????? 4????????????
???????? 256??????????? (c1, c2, c3)????????
???????? 0?18???????????????? 5.1????
????? 5.2???????
??????c1? c2?????? 576A2?c3?????? 651A2????





?????????? 4.3? (5, 16, 17)???(0, 1, 18)?(0, 8, 11)????






Index 0 1 2 3 4 5 6 7 8 9
?? 0 A2 4A2 4A2 3A2 4A2 3A2 A2 A2 3A2
Index 10 11 12 13 14 15 16 17 18
?? 3A2 A2 A2 3A2 4A2 3A2 4A2 4A2 A2
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? 5.2: 19?????????????????
Index ????×?? (c1) ????×?? (c2) ????×?? (c3)
0 0 0 0
1 16 16 14
2 64 64 56
3 64 64 56
4 48 48 39
5 0 0 56
6 48 48 39
7 16 16 14
8 16 16 13
9 48 48 39
10 48 48 39
11 16 16 14
12 16 16 13
13 48 48 13
14 64 64 56
15 48 48 39
16 0 0 56
17 0 0 56











BER=10−5?????Eb/No? 0.4?? 0.7 dB?????????????











????????????3 bit / ????????

















? 5.8: ???????????? 16QAM??????????????
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??????? PAPR? 1.583????????(18, 12)????????
?????????????????????????????? 12?












































(60, 38)????????????? 64QAM???? (63, 43)??????
???????????BER= 10−5?????????????????






























































































































∇×E(r, t) = −∂B(r, t)
∂t
(6.1)
∇×H(r, t) = ∂D(r, t)
∂t




???????? t = n∆t??????? k???????Enx (k)?????
? t = (n+ 1/2)∆t??????? (k+ 1/2)???????Hn+1/2y (k+ 1/2)?
?????????En−1x (k)?Hn−1/2y (k − 1/2)??Hn−1/2y (k + 1/2)??Enx (k)

































A = |P⃗ × Q⃗| (6.3)




???????ISM(Industry Sciend Medical)???? 2400 MHz????
??????????????????????? ε???? σ?
35.194? 1.13667 S/m???????????????? 2.4 GHz????





























? 6.8: ??????? (??)?((a)?? (d)??)
(a) (b)
(c) (d)












































































? 6.2: ??????????????????? S21?????????
????
?? ??? [dB] ??? [dB] ??? [dB]
??? −82.1 −34.5 −42.7
??? −67.5 −49.6 −54.1
































???????????????? b(n), n = 0, 1, . . . , N − 1????????




S(k) = S(k − 1) exp(jϕk)k = 0, 1, . . . , (N/ log2(M))− 1 (6.10)
????S(−1) = exp(jpi/2)????





G(X) = 1 +X3 +X4 +X5 +X8 +X10 +X12 (6.11)
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? 6.5: pi/8 D8PSK
b(3n) b(3n+ 1) b(3n+2) ϕk
0 0 0 pi/8
0 0 1 3pi/8
0 1 0 7pi/8
0 1 1 5pi/8
1 0 0 15pi/8
1 0 1 13pi/8
1 1 0 9pi/8



















b(3n) b(3n+ 1) b(3n+2) Iteger ϕk
0 0 0 0 pi/8
0 0 1 1 3pi/8
0 1 0 2 7pi/8
0 1 1 3 5pi/8
1 0 0 4 15pi/8
1 0 1 5 13pi/8
1 1 0 6 9pi/8


















????? 4× 4mm?????? 2.4 GHzRF???????CC2500???
?? [77]?CC2500????????????????????????
???? 6.17??????????0 dBm?? 7.1 dB?????????
???????? 6 mA?? 7 mA??????????????????
???????????????CC2500???????????? 1.5


























































? 6.20: BER????? (???????? 42 dB)
? 6.21: BER????? (???????? 50 dB)
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?? 72.5 dB? 70.4 dB?????
???????????BER? 10−5??????????? 80 %??
????????????????????????????????





















????? 73.6 dB? 71.5 dB?????
???????????????????????????????
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? 6.22: BER????? (???????? 65.4 dB)
? 6.23: BER????? (???????? 66.5 dB)
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? 6.24: BER????? (??????? 38.1 dB)






????? 45.2 dB? 43.1 dB?????
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? 6.7: ????????????????? [dB]
BCH(D8PSK) ???? (D8PSK) ?????????
??? 72.5 70.4 65.4
??? 73.6 71.5 66.5



















? 2.4 GHz RF??????CC2500?????????????????




















































































???WBAN??????????? D8PSK?? (63, 51)BCH???
D8PSK??????? 19????????????????????
?????????????(63, 51)BCH??????????? 2.1 dB?
?????????? 7.0 dB????????????????????




















































[1] IEEE. IEEE 802.15.6-2012 - IEEE Standard for local and metropolitan area net-
works - part 15.6: Wireless Body Area Networks. https://standards.ieee.org/
standard/802 15 6-2012.html, Accessed on Jun. 2, 2019.
[2] ETSI. Smart body area networks. http://www.etsi.org/technologies-clusters/
technologies/
smart-body-area-networks, Accessed on Jun. 2, 2019.
[3] Mohammad Ghamari, Harneet Arora, R Simon Sherratt, and William Har-
win. Comparison of low-power wireless communication technologies for wear-
able health-monitoring applications. In 2015 International Conference on Com-
puter, Communications, and Control Technology (I4CT), pp. 1–6. IEEE, 2015.
[4] ????. ????????????????????? smartban ?
???????. ??????, Vol. 70, No. 5, 2015.
[5] Rani Kumari and Parma Nand. Performance comparison of various routing pro-
tocols in WSN and WBAN. In Proc. International Conference on Computing,
Communication and Automation, pp. 427–431, 2016.
[6] Jijesh J.J and Shivashankar. A survey on wireless body sensor network routing
protocol classification. In Proc. 11th International Conference on Intelligent
Systems and Control, pp. 489–494, 2017.
[7] Jyoti Kamble and Amarsinh Vidhate. Improved MAC protocol for emergency
handling in WBAN. In Proc. International Conference on Automatic Control
and Dynamic Optimization Techniques, pp. 1025–1029, 2016.
[8] Rae Hyun Kim and Jeong Gon Kim. Improved scheduling for MAC protocol
in WBAN based monitoring environment. In Proc. the Eighth International
Conference on Ubiquitous and Future Networks, pp. 706–709, 2016.
108
[9] Bin Liu, Zhisheng Yan, and Chang Wen Chen. Medium access control for
wireless body area networks with QoS provisioning and energy efficient design.
IEEE Transactions on Mobile Computing, Vol. 16, No. 2, pp. 422–434, Feb.
2017.
[10] Remy Vauche, Eloi Muhr, Olivier Fourquin, Sylvain Bourdel, Jean Gaubert,
Nicolas Dehaese, Stephane Meillere, Herve Barthelemy, and Laurent Ouvry. A
100 MHz PRF IR-UWB CMOS transceiver with pulse shaping capabilities and
peak voltage detector. IEEE Transactions on Circuits and Systems I : Regular
Papers, Vol. 64, No. 6, pp. 1612 –1625, June 2017.
[11] Junchao Mu, Lianxi Liu, Zhangming Zhu, and Yintang Yang. A 0.5V, 40nW
voltage reference for WBAN devices. In Proc. Biomedical Circuits and Systems
Conference, pp. 504–507, October 2016.
[12] A. N. Suraya, P. J. Soh, M. Jusoh, T. Sabapathy, and M. S. Shakhirul. Modeling
and analysis of deformations of WBAN antennas. In Proc. 3rd International
Conference on Electronic Design (ICED), pp. 195–198, Aug. 2016.
[13] Ritika Bansal, Jagriti Bhatia, Amandeep Batth, Hardeep Singh Saini, and
Naveen Kumar. A novel lower ultra wideband (UWB) compact planar Inverted-
F antenna for WBAN applications. In Proc. 5th International Conference on
Reliability, Infocom Technologies and Optimization, pp. 464–467, September
2016.
[14] T. Sasamori, Y. Satoh, T. Tobana, Y. Isota, M. Takahashi, and Toru Uno.
Evaluation in terms of BER of the WBAN system using UWB and ISM band. In
Proc. 5th European Conference on Antennas and Propagation (EuCAP 2011),
pp. 1709–1713, April 2011.
[15] K. Ogawa and K. Honda. Ban shadowing properties of an arm-waving dynamic
phantom. In The European Conference on Antennas and Propagation (EuCAP
2012, Prague), pp. 515–519, March 2012.
[16] ???. ???????????????????????. ???,








[19] ????, ????, ????. ?? lan ?????????????
??????????. pp. 13–14, February 2017.
[20] Maja Vidojkovic, Xiongchuan Huang, Xiaoyan Wang, Cui Zhou, Ao Ba,
Maarten Lont, Yao-Hong Liu, Pieter Harpe, Ming Ding, Ben Busze, et al. 9.7
a 0.33 nj/b ieee802. 15.6/proprietary-mics/ism-band transceiver with scalable
data-rate from 11kb/s to 4.5 mb/s for medical applications. In 2014 IEEE Inter-
national Solid-State Circuits Conference Digest of Technical Papers (ISSCC),
pp. 170–171. IEEE, 2014.
[21] ????, ????, ??? ????. ???????????????
?????? smartban ????????. ??????, Vol. 70, No. 5,
pp. 38–41, May 2015.
[22] ??????. ??????????, June 2018.
[23] ????,????,????. ??????????. Technical Report 3,
NTT Docomo, 1994.
[24] ????, ?????, ????, ?????, ???, ????, ??
?, ??, ????, ??. ????? LAN???????. Technical
Report 19, ????, 12 2003.
[25] ???. RF????????????. ??????????, 2015.
[26] ?????. ??????????????????????????
?????????????NJG1330?????. https://www.njr.co.jp/
news/2018/semi 20180822.html, Accessed on 9. 5, 2019.
[27] ????. ?????????????. ????????, 1996.
110
[28] W Sullivan. High-capacity microwave system for digital data transmission.
IEEE Transactions on Communications, Vol. 20, No. 3, pp. 466–470, 1972.
[29] John G. Proakis, Masoud Salehi, and Gerhard Bauch. Contemporary Commu-
nication Systems uging MATLAB. Brooks/Cole Publishing Co., 2004.
[30] Andrea Goldsmith. Wireless Communications. Cambridge University Press,
2005.
[31] ????. ?????????? APSK ????????????.
??????????????. RCS, ????????, Vol. 111, No.
180, pp. 33–38, 2011.
[32] Gottfried Ungerboeck. Channel coding with multilevel/phase signals. IEEE
transactions on Information Theory, Vol. 28, No. 1, pp. 55–67, 1982.
[33] Hristo Kostadinov, Hiroyoshi Morita, Noboru Iijima, AJ Han Vinck, and Niko-
lai Manev. Soft decoding of integer codes and their application to coded mod-
ulation. IEICE transactions on fundamentals of electronics, communications
and computer sciences, Vol. 93, No. 7, pp. 1363–1370, 2010.
[34] Hiroyoshi Morita. Nearest-neighbor error correcting codes on a hexagonal signal
constellation. In 2015 IEEE International Symposium on Information Theory
(ISIT), pp. 2480–2484. IEEE, 2015.
[35] Jørn Justesen and Tom Høholdt. A course in error-correcting codes, Vol. 1.
European Mathematical Society, 2004.
[36] Shu Lin and Daniel J Costello. Error control coding. Pearson Education India,
2001.
[37] ????. ????. ?????????????, 1990.
[38] Elwyn R Berlekamp. Negacyclic codes for the Lee metric. Technical report,
North Carolina State University. Dept. of Statistics, 1966.
[39] Lisa Ward. 802.11ac ????. Technical report, Rohde & Schwarz, 2012.
111
[40] C Cahn. Combined digital phase and amplitude modulation communication
systems. IRE Transactions on Communications Systems, Vol. 8, No. 3, pp.
150–155, 1960.
[41] Azlina Binti Idris, Alya Balqis Binti Mohd Fauzi, Mohd Syarhan Bin Idris,
Idris Bin Taib, Murizah Binti Kassim, and Ruhani Binti Ab Rahman. Re-
duction of PAPR using huffman coding and APSK modulation technique for
F-OFDMA in 5G system. In 2018 IEEE 8th International Conference on Sys-
tem Engineering and Technology, pp. 24–28, 2018.
[42] Ruifeng Duan, Rongke Liu, Mahyar Shirvanimoghaddam, Yonghui Li, and
Chang Wen Chen. A low PAPR constellation mapping scheme for rate compat-
ible modulation. IEEE Communications Letters, Vol. 20, No. 2, pp. 256–259,
2015.
[43] ????, ????. APSK ???? LDPC ???????????
?. ??????????????. RCS, ????????, Vol. 111,
No. 94, pp. 147–152, 2011.
[44] Ram Zamir. Lattice Coding for Signals and Networks: A Structured Coding Ap-
proach to Quantization, Modulation, and Multiuser Information Theory. Cam-
bridge University Press, 2014.
[45] ???. ??????????????????????????
???. http://www.ieice-hbkb.org/files/04/04gun 03hen 02.pdf, Accessed on
Jun. 2, 2019, 2011.
[46] M Simon and J Smith. Hexagonal multiple phase-and-amplitude-shift-keyed
signal sets. IEEE Trans. Commun., Vol. 21, No. 10, pp. 1108–1115, 1973.
[47] Sung-Joon Park. Triangular quadrature amplitude modulation. IEEE Com-
mun. Lett., Vol. 11, No. 4, pp. 292–294, 2007.
[48] Sung-Joon Park. Performance analysis of triangular quadrature amplitude mod-
ulation in AWGN channel. IEEE Communications Letters, Vol. 16, No. 6, pp.
765–768, 2012.
112
[49] Seung Hee Han, John M Cioffi, and Jae Hong Lee. On the use of hexagonal
constellation for peak-to-average power ratio reduction of an ODFM signal.
IEEE Trans. Wireless Commun., Vol. 7, No. 3, pp. 781–786, 2008.
[50] J Conway and N Sloane. A fast encoding method for lattice codes and quan-
tizers. IEEE Trans. Inform. Theory, Vol. 29, No. 6, pp. 820–824, 1983.
[51] Naftali Sommer, Meir Feder, and Ofir Shalvi. Low-density lattice codes. IEEE
Trans. Inform. Theory, Vol. 54, No. 4, pp. 1561–1585, 2008.
[52] Naftali Sommer, Meir Feder, and Ofir Shalvi. Shaping methods for low-density
lattice codes. In 2009 IEEE Information Theory Workshop, pp. 238–242, 2009.
[53] Brian M Kurkoski. Coded modulation using lattices and Reed-Solomon codes,
with applications to flash memories. IEEE J. Sel. Areas Commun., Vol. 32,
No. 5, pp. 900–908, 2014.
[54] Ofir Shalvi, Naftali Sommer, and Meir Feder. Signal codes: Convolutional
lattice codes. IEEE Trans. Inform. Theory, Vol. 57, No. 8, pp. 5203–5226,
2011.
[55] ????. ???? ?????????????????????
??? (????). ??????????????= IEICE technical
report: ????, Vol. 116, No. 394, pp. 293–298, 2017.
[56] ????. ?????????. ????????, 2010.
[57] Bader F AlBdaiwi and Bella Bose. Quasi-perfect Lee distance codes. IEEE
Trans. Inform. Theory, Vol. 49, No. 6, pp. 1535–1539, 2003.
[58] ????, ????. ???????????. ? 20???????
?????????, pp. 21–24, 1997.
[59] Shigeto Nishimura and Toyokazu Hiramatsu. A generalization of the lee dis-
tance and error correcting codes. Discrete Applied Mathematics, Vol. 156, No. 5,
pp. 588–595, 2008.
[60] Hiroyoshi Morita. Double nearest-neighbor error correcting codes. 2019 IEEE
International Symposium on Information Theory, pp. 1617–1621, 2019.
113
[61] Klaus Huber. Codes over eisenstein-jacobi integers. Contemporary Mathemat-
ics, Vol. 168, pp. 165–165, 1994.
[62] Irving S Reed and Gustave Solomon. Polynomial codes over certain finite fields.
Journal of the society for industrial and applied mathematics, Vol. 8, No. 2, pp.
300–304, 1960.
[63] Hideki Ochiai. Exact and approximate distributions of instantaneous power for
pulse-shaped single-carrier signals. IEEE Trans. Wireless Commun., Vol. 10,
No. 2, pp. 682–692, 2010.
[64] ?????. ????????????????????. ?????
???????????, No. 9, pp. 14–19, 2008.
[65] Microsoft. Kinect for windows human interface guidelines v2.0. Technical re-
port, Microsoft, 2014.
[66] iPi Soft. ipi soft llc.
[67] ???. FDTD????????????????. ????, 1998.
[68] ???, ???, ????. FDTD????????/?????. ??
????, 2011.




[71] IFAC-CNR. Institute for appliedphysics, an internet resource for the calculation
of the dielectric properties of the body tissues in the frequency range 10Hz-
100GHz. http://niremf.ifac.cnr.it/tissprop/, Accessed 2019-9-3.
[72] ????, ????, ????. UWB ??????????????
??????????????????????. ???????
???? C, Vol. 90, No. 3, pp. 208–215, 2007.
[73] ????, ????. ??????????????????. ???
?, 2010.
114
[74] CCIR Rec. 525-1. Calculation of free-space attenuation. Recommendations and
Reports of the CCIR, No. V, 1991.
[75] Warren L. Stutzman and Gary A. Thiele. Antenna Theory and Design. Wiley,
John & Sons, Inc., 2nd edition edition, 1997.
[76] R. L. Yadava. Antenna and Wave Propagation. Phi Learning, 2011.
[77] TEXAS INSTRUMENTS. ?????????? 2.4 GHz RF?????
?CC2500. http://www.ti.com/jp/lit/ds/symlink/cc2500.pdf, Accessed on 11
24, 2019.
[78] ????. Wban???????????????????????
?????????????. Master’s thesis, ??????, 2017.
[79] ????. WBAN?????????????. Master’s thesis, ???
????????????, 2018.
[80] ????. ??????: ???????????. ???????
???? B, Vol. 87, No. 9, pp. 1140–1148, 2004.
[81] ???. ???????????: ????????????. ??
????????? B, Vol. 88, No. 9, pp. 1601–1612, 2005.
[82] Hyun-Jeong Lee, Sang-Hyeok Cho, Jea-Kown Park, Young-Hee Cho, Jung-Min
Kim, Kyoung-ho Lee, In-Young Lee, and Jong-Soo Kim. The compact quad-
band planar internal antenna for mobile handsets. In 2007 IEEE Antennas and






? 3??? 4???? 5????
[2] Hirohisa Kitahara, Hiroyoshi Morita, and Akiko Manada??Analysis of Walk-
ing Body Using Kinect2 and Application of Integer Code to WBAN??BO-
DYNETS2018(13th EAI International Conference on Body Area Networks,
2018)
? 6????
????
??? ?????
???? ???????????
??? ???
??
??????? ??????????????
??????? ???????????????????
?????????????????
??????? ??????
??????? ?????????????????????????
??????? ????
??????? ?? (??)???????????????????
??????? ???????????????????
???????????????????????
?????? ??????
??
??????? ?????
